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Recent study of gamma rays originating from the region of galactic centre has conﬁrmed an anomalous 
γ -ray excess within the energy range 1–3 GeV. This can be explained as the consequence of pair 
annihilation of a 31–40 GeV dark matter into bb¯ with thermal annihilation cross-section σ v ∼
1.4–2.0 × 10−26 cm3/s. In this work we revisit the Inert Doublet Model (IDM) in order to explain this 
gamma ray excess. Taking the lightest inert particle (LIP) as a stable DM candidate we show that a 
31–40 GeV dark matter derived from IDM will fail to satisfy experimental limits on dark matter direct 
detection cross-section obtained from ongoing direct detection experiments and is also inconsistent with 
LHC ﬁndings. We show that a singlet extended inert doublet model can easily explain the reported γ -ray 
excess which is as well in agreement with Higgs search results at LHC and other observed results like 
DM relic density and direct detection constraints.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
Recent results from Fermi-LAT data have conﬁrmed the ex-
istence of GeV scale γ -ray excess which appears to be emerg-
ing from the region of galactic centre (GC) [1–10]. This excess 
in γ -ray can be treated as a result of dark matter (DM) anni-
hilation in proximity of galactic centre. The γ -ray excess in the 
energy range 1–3 GeV observed by Fermi-LAT from the direction 
of galactic centre is addressed in a recent work by Dan Hooper 
et al. [10]. In that work they show that a dark matter candi-
date within the mass range of 31–40 GeV primarily annihilating 
into bb¯ or a 7–10 GeV dark matter primarily annihilating into 
τ τ¯ [10–18] can well explain this observed phenomenon of excess 
gamma in 1–3 GeV energy range. Some works [7,8] even suggest 
that a DM candidate with mass 61.8+6.9−4.9 GeV can also explain this 
observed excess when their annihilation cross-section 〈σ v〉bb¯ to 
bb¯ is ∼ 3.30+0.69−0.49 × 10−26 cm3/s. Different particle physics models 
are studied and proposed in the literature in order to explain the 
anomalous excess of gamma ray in the energy range ∼ 1–3 GeV
[19–31]. In this work we attempt to explore whether a dark mat-
ter candidate within the framework of the inert doublet model can 
explain this reported gamma ray excess of 1–3 GeV. Study of inert 
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SCOAP3.doublet model (IDM) has been pursued vigorously in the litera-
ture [32–43]. In the inert doublet model, an additional scalar SU(2) 
doublet is added to the Standard Model (SM) which is assumed to 
develop no vacuum expectation value (VEV). An unbroken Z2 sym-
metry ensures that the added scalar is stable and does not interact 
with the SM fermions (inert). The lightest stable inert particle (LIP) 
in this model can be a viable DM candidate. Inert doublet model 
provides a plausible DM candidate in low mass region that could 
address the observed GC γ -rays excess. We show in this work 
that although LIP dark matter in IDM model may indeed provide 
a 31–40 GeV dark matter which satisﬁes observed DM relic den-
sity, but this candidate (of mass ∼ 31–40 GeV) does not withstand 
the latest bounds from dark matter direct detection experiments 
as well as the LHC bound on Rγ γ . We also found that the inert 
doublet model can account for a DM of mass around 60–63 GeV 
(i.e., near the SM Higgs resonance) that can satisfy the allowed 
relic density limits from PLANCK experiment and direct detection 
limits but fails to explain the observed GC γ -ray excess. Instead 
of inert doublet model there are also several other such models 
which can provide a feasible DM candidate. For example, an inert 
triplet model [44,45], where an additional triplet scalar is added to 
the SM or supersymmetric models [46] in which case the lightest 
supersymmetric particle (LSP) serves as the viable DM candidate. 
However, these models (inert triplet or supersymmetry) provide a 
DM candidate in the range of mass about few hundreds of GeV 
or TeV and hence cannot account for the observed GC γ -ray re-
sults from Fermi-LAT in 1–3 GeV range. In fact, for the case of inert  under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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ticle satisfying PLANCK relic density results should be 1290 GeV. 
We then propose in this work, an extension of this inert doublet 
model whereby an additional singlet scalar is added to the IDM 
mentioned above. This newly added real scalar singlet acquires a 
non-zero VEV and mixes up with the SM Higgs, thus provides an 
extra scalar boson and scalar resonance. The LIP dark matter candi-
date in this resulting extended IDM can obtain an LIP dark matter 
candidate in the mass range of 31–40 GeV which simultaneously 
satisﬁes the relic density bound from PLANCK experiment, direct 
detection experimental results and the bound on signal strength 
of SM Higgs from LHC experiment. We show that the calculation 
of gamma ray ﬂux obtained from the annihilation of such a dark 
matter from the extended IDM model proposed in this work can 
explain the 1–3 GeV γ -ray excess observed by Fermi-LAT from 
GC region. The paper is organised as follows: In Section 2, we re-
visit the inert doublet model of dark matter and show that for a 
31–40 GeV DM, IDM cannot satisfy the constraints obtained from 
recent direct detection bounds on DM nucleon scattering cross-
section σSI and is also inconsistent with the LHC constraints. In 
Section 3, we propose the singlet extended IDM and study the vi-
ability of the model to provide a DM candidate in the mass range 
31–40 GeV that yields the right annihilation cross-section to bb¯ ﬁ-
nal state (〈σ v〉bb¯) required to explain the observed γ -ray excess 
in the energy range 1–3 GeV. We constrain the model parameter 
space by various experimental results such as DM relic density ob-
tained from PLANCK, DM-nucleon scattering cross-section bound 
from XENON, LUX experiments and bound on the SM-like scalar 
given by LHC. In Section 4, the gamma ray ﬂux is calculated for 
the dark matter candidate in our proposed model and is compared 
with the observed results by Fermi-LAT. Finally we summarise the 
work in Section 5.
2. Dark matter in inert doublet model and Fermi-LAT observed 
gamma ray excess
IDM is a simple extension of SM of particle physics which 
includes an additional Higgs doublet that acquires no VEV. The 
added doublet does not interact with the SM sector due to impo-
sition of a discrete Z2 symmetry under which all the SM particles 
are even but the doublet is odd. The most general CP conserving 
potential for IDM is given as
V =m211H †H +m222I †I + λ1(H †I )2 + λ2(I †I )2
+ λ3(†HH )(†II ) + λ4(†IH )(†HI )
+ 1
2
λ5[(†IH )2 + (†HI )2], (1)
where H is the SM Higgs doublet and I is the inert doublet 
assuming all the couplings (λi , i = 1, 5) in Eq. (1) are real. After 
spontaneous symmetry breaking (SSB), H generates a VEV v =
246 GeV whereas the inert doublet does not produce any VEV and 
the Z2 symmetry remains unbroken. The doublets are given as
H =
(
χ+
1√
2
(v + h + iχ0)
)
, I =
(
H+
1√
2
(H0 + i A0)
)
, (2)
where χ+ and χ0 are absorbed in W± , Z after spontaneous sym-
metry breaking. After SSB, the masses of various scalar particles 
obtained are given as
m2h = 2λ1v2
m2H± =m222 + λ3
v22m2H0 =m222 + (λ3 + λ4 + λ5)
v2
2
m2A0 =m222 + (λ3 + λ4 − λ5)
v2
2
, (3)
where mh = 125 GeV is the mass of newly found SM Higgs bo-
son h, as observed by LHC experiments, CMS [47] and ATLAS [48]. 
With λ5 < 0, the lightest inert particle (LIP) H0 is the stable DM 
candidate in the model. The potential described in Eq. (1) must be 
bounded from below and the corresponding vacuum stability con-
ditions are given as
λ1, λ2 > 0 , λ3 + 2
√
λ1λ2 > 0 ,
λ3 + λ4 − |λ5| + 2
√
λ1λ2 > 0 . (4)
Apart from the bounds obtained from vacuum stability, there are 
several other constraints on the model such as perturbative bounds 
requiring all the couplings i to be less than 4π . From LEP [49]
experiment constraints of the Z boson decay width and charged 
scalar mass mH± , we have
mH0 +mA0 >mZ ,
mH± > 79.3 GeV. (5)
Apart from the constraints presented in Eqs. (3)–(4), the present 
DM candidate H0 must also satisfy the correct relic abundance of 
DM obtained from PLANCK [50]

DMh
2 = 0.1199± 0.0027 , (6)
where h is the Hubble parameter in the unit of 100 kms−1 Mpc−1. 
Dark matter relic density is obtained by solving the Boltzmann 
equation for the DM species and is given as
dnH0
dt
+ 3HnH0 = −〈σv〉(n2H0 − n2H0eq) . (7)
In Eq. (7), 〈σv〉 is the total annihilation cross-section of the DM 
summing over all possible annihilation channels, nH0 is the num-
ber density of dark matter particle H0 and nH0eq is the equilibrium 
number density of the same. The Hubble parameter is denoted 
as H in Eq. (7). For the case of low mass dark matter scenario 
(mH0 ≤mW , mW is the mass of W boson), total annihilation cross-
section of DM candidate H0 to SM particles expressed as
〈σvH0H0→ f f¯ 〉 = nc
∑
f
m2f
π
β3f
(λL/2)2
(4m2H0 −m2h)2 + 2hm2h
. (8)
In Eq. (8) above, h is the total decay width of SM Higgs boson 
(including the contribution from invisible decay channel), m f is 
the mass of the fermion species involved with β f =
√
1− m
2
f
m2H0
. 
The Higgs-DM coupling denoted as λL in Eq. (8) is of the form 
λL = (λ3 + λ4 + λ5) and nc is the colour quantum number with 
nc = 3 for quarks and nc = 1 for leptons respectively. Invisible de-
cay width of Higgs boson to DM particle and also the branching 
fraction Brinv for such invisible decay are written as
inv(h → H0H0) = λ
2
L v
2
64πmh
√√√√1− 4m2H0
m2h
,
Brinv = 
inv(h → H0H0)
h
. (9)
DM relic density is then calculated by solving the Boltzmann equa-
tion expressed in Eq. (7), and is given as
422 A.D. Banik, D. Majumdar / Physics Letters B 743 (2015) 420–427Fig. 1. The left panel shows the mH0 –σSI space allowed by DM relic density obtained from PLANCK. The right panel presents the variation of invisible decay branching ratio 
Brinv with DM mass mH0 for the same. (For interpretation of the references to colour, the reader is referred to the web version of this article.)
DMh
2 = 1.07× 10
9xF√
g∗MPl〈σv〉 , (10)
where xF = mH/T F is the freeze out or decoupling temperature 
of the DM species H0, MPl is the Planck mass (MPl = 1.22 ×
1019 GeV) and g∗ is the number of effective degrees of freedom. 
The quantity xF (and subsequently the freeze out temperature T f ) 
can be obtained from the iterative solution to the equation
xF = ln
⎛
⎝mH0
2π3
√
45M2Pl
2g∗xF
〈σv〉
⎞
⎠ . (11)
The relic density of the dark matter can be obtained using 
Eqs. (7)–(11) with the constraints given in Eqs. (4)–(6). It is to 
be noted that in addition to the constraints mentioned above, the 
present DM candidate must also satisfy the DM direct detection 
experimental limits provided by the experiments like XENON [51], 
LUX [52]. The experiments provide the upper bound of dark matter 
scattering cross-sections for different dark matter masses. The spin 
independent direct dark matter–nucleon scattering cross-section 
for the LIP dark matter H0 of mass MH0 is expressed as
σSI = λ
2
L
4π
1
m4h
f 2
m4N
(mH0 +mN)2
, (12)
where mN is the mass of scattering nucleon and f is related to the 
matrix element of Higgs–nucleon coupling taken to be 	 0.3 [53]. 
We further restrict the allowed model parameter space by as-
suming the invisible decay branching ratio of SM Higgs Brinv <
20% [54]. The branching ratio Brinv is the ratio of the Higgs in-
visible decay width to the total Higgs decay width as discussed 
below. We compute, using Eq. (12) and with the constraints given 
in Eqs. (4)–(6), the LIP dark matter scattering cross-section, σSI
for different values of LIP dark matter mass, mH0 . It is therefore 
ensured that these calculations are performed for those LIP dark 
matter masses for which the relic density criterion (Eq. (6)) is 
satisﬁed. The results are plotted in Fig. 1a (in σSI–mH0 plane). Su-
perimposed on this plot in Fig. 1a are the bounds obtained from 
XENON100 (red line) and LUX (green line) experimental results for 
comparison. It is clear from Fig. 1a that an LIP dark matter within 
the framework of IDM does not have a mass region in the range 
31–40 GeV that satisﬁes the allowed bounds given by both the 
XENON100 and LUX experiments in σSI–mH0 plane. One may recall 
that the previous analysis to explain the Fermi-LAT γ -ray excess in 
the gamma ray energy range of 1–3 GeV [10] from the annihilation
of dark matter at the galactic centre requires a dark matter candi-
date having mass in the range 31–40 GeV. We also compute the Higgs invisible decay branching ratio Brinv for the allowed range of 
DM mass obtained in Fig. 1a and the results are plotted in Fig. 1b. 
It is also evident from Fig. 1b that the LIP mass (mH0 ) in the range 
31–40 GeV does not satisfy the Brinv limit of Brinv < 20% [54]. Thus 
from both Fig. 1a and Fig. 1b, it can be concluded that an LIP dark 
matter in the inert doublet model cannot account for a viable dark 
matter candidate in the mass range of 31–40 GeV.
However, from Fig. 1a and 1b, it is clear we have a viable dark 
matter candidate in the IDM framework in the region of Higgs res-
onance with mass (mH0 	 mh/2) that not only satisﬁes the relic 
density bound for dark matter but also is consistent with DM di-
rect detection results and the bounds for Higgs invisible decay as 
well. Earlier model independent analysis [7,8] has reported that a 
dark matter with mass near Higgs resonance can produce the ob-
served excess of γ -ray in the gamma energy range 1–3 GeV if the 
secondary γ -ray is produced out of the primary annihilation pro-
cess DM DM → bb¯ with the annihilation cross-section 〈σ v〉bb¯ ∼
3.30+0.69−0.49×10−26 cm3/s. However for IDM with mass mH0 ∼mh/2, 
the respective annihilation cross-section of LIP dark matter H0 into 
bb¯ (〈σ v〉bb¯) channel is found to be ∼ 1.7 × 10−26 cm3/s which 
is almost half the required annihilation cross-section. Hence the 
gamma ray ﬂux computed for this LIP dark matter (with bb¯ to be 
the primary annihilation channel) does not comply with the ob-
served excess in γ -ray.
Thus it is apparent that a viable dark matter candidate (mass 
∼ mh/2) in the IDM discussed so far where only an inert SU(2) 
doublet is added to SM, fails to explain the excess gamma ray 
in the energy range 1–3 GeV as observed by Fermi-LAT in the 
direction of galactic centre. Apart from the SM Higgs resonance, 
there also exists another allowed region appearing in IDM (in the 
vicinity of W+W− threshold shown in Fig. 1a) which satisﬁes 
the PLANCK DM relic density and direct detection limits provided 
by XENON100 and LUX experiments. However, LIP dark matter of 
mass ∼ 80 GeV in this narrow allowed region cannot explain the 
observed GC gamma ray excess. In fact the gamma ﬂux obtained 
for this latter case is even smaller when compared to that obtained 
from the IDM dark matter with mass mH0 ∼mh/2. Hence we con-
sider a feasible extension of the inert doublet model.
3. Inert doublet model with additional singlet scalar
We modify the IDM formalism given in Section 2 by adding 
another singlet scalar with the model. The resulting theory now 
includes an inert SU(2) doublet as before and an additional real 
scalar singlet added to the Standard Model. The newly added scalar 
singlet generates a VEV and is even under the discrete Z2 symme-
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this formalism too. It is to be noted that one may also consider an 
extended inert triplet model in which case the inert doublet scalar 
is replaced by an inert triplet scalar and a singlet is added to it. 
Detailed study of singlet–triplet model [55,56] reveals that such 
a model where both the singlet and lightest triplet particles are 
DM candidates (thus form a two component dark matter model) 
can account for a low mass DM of our primary interest. However 
in the model proposed by us in this work, we strictly consider a 
single component dark matter model with the LIP to be the vi-
able candidate for dark matter and the additional singlet scalar 
mixes with the SM Higgs doublet. Another work with triplet scalar 
dark matter with additional singlet scalar in the framework of two 
Higgs doublet model [57] predicts a viable DM candidate but in 
that case the mass of the DM should be mDM ≥ 1.3 TeV and hence 
cannot provide a feasible explanation to the observed GC γ -ray 
excess around 1–3 GeV.
In this section, we demonstrate that our proposed extended 
IDM provides a viable LIP dark matter candidate in the mass range 
of 31–40 GeV and the annihilation cross-section to bb¯ channel for 
such a candidate can be calculated to be in the right ball park re-
quired to explain the excess γ peak from GC seen by Fermi-LAT 
in 1–3 GeV energy range and is also consistent with the LHC con-
straint. The most general potential for the model is
V =m211H †H +m222I †I +
1
2
m2s S
2 + λ1(H †H )2
+ λ2(I †I )2 + λ3(†HH )(†II ) + λ4(†IH )(†HI )
+ 1
2
λ5[(†IH )2 + (†HI )2] + ρ1(†HH )S + ρ ′1(†II )S
+ ρ2S2(†HH ) + ρ ′2S2(†II ) +
1
3
ρ3S
3 + 1
4
ρ4S
4, (13)
where H and I are the same as in Eq. (1) with S = s +vs , vs be-
ing the VEV of the singlet scalar. All the parameters in Eq. (13) are 
assumed to be real. The newly added scalar singlet s mixes with 
the SM Higgs h resulting in two physical scalar bosons h1 and h2
and they are expressed as
h1 = h cosα − s sinα ,
h2 = h sinα + s cosα , (14)
where α is the angle of mixing. Minimising the potential in 
Eq. (13) we obtain the conditions
m211 + λ1v2 + ρ1vs + ρ2v2s = 0 ,
m2s + ρ3vs + ρ4v2s +
ρ1v2
2vs
+ ρ2v2 = 0 . (15)
The mass terms for the scalars can be obtained as
μ2h = 2λ1v2
μ2s = ρ3vs + 2ρ4v2s −
ρ1v2
2vs
μ2hs = (ρ1 + 2ρ2vs)v
m2H± =m222 + λ3
v2
2
+ ρ ′1vs + ρ ′2v2s
m2H0 =m222 + (λ3 + λ4 + λ5)
v2
2
+ ρ ′1vs + ρ ′2v2s
m2A0 =m222 + (λ3 + λ4 − λ5)
v2 + ρ ′1vs + ρ ′2v2s . (16)2As in Section 2, the lightest inert particle or LIP is H0 when λ5 < 0
and is the candidate for dark matter in this extended IDM formal-
ism also.
Masses of physical scalars h1 and h2 derived using the mass 
matrix are
m21,2 =
μ2h + μ2s
2
± μ
2
h − μ2s
2
√
1+ x2, (17)
where x = 2μ2hs
(μ2h−μ2s )
. We consider h2 with mass m2 to be the SM-
like Higgs boson having mass 125 GeV and we assume m2 > m1
where m1 is the mass of the singlet scalar. Vacuum stability con-
ditions for this singlet extended IDM are given as [58]
λ1, λ2, ρ4 > 0 , λ3 + 2
√
λ1λ2 > 0 ,
λ3 + λ4 − |λ5| + 2
√
λ1λ2 > 0 ,
ρ2 +
√
λ1ρ4 > 0 , ρ
′
2 +
√
λ2ρ4 > 0 ,
2ρ2
√
λ2 + 2ρ ′2
√
λ1 + λ3√ρ4 + 2
(√
λ1λ2ρ4
+
√(
λ3 + 2
√
λ1λ2
)(
ρ2 +
√
λ1ρ4
)(
ρ ′2 +
√
λ2ρ4
))
> 0 ,
2ρ2
√
λ2 + 2ρ ′2
√
λ1 + (λ3 + λ4 − λ5)√ρ4 + 2
(√
λ1λ2ρ4
+
√(
λ3 + λ4 − λ5 + 2
√
λ1λ2
)(
ρ2 +
√
λ1ρ4
)(
ρ ′2 +
√
λ2ρ4
))
> 0 . (18)
Imposing the vacuum stability conditions (Eq. (18)) and applying 
the perturbative bounds (|i| < 4π ) along with the constraints 
from Eqs. (5)–(6) we solve the Boltzmann equation in Eq. (7). Note 
that, for the proposed extended IDM, both the annihilation cross-
section 〈σvH0H0→ f f¯ 〉 and the invisible decay width invi (hi →
H0H0) must be modiﬁed. The thermal averaged annihilation cross-
section for the LIP dark matter in the present model is expressed 
as
〈σvH0H0→ f f¯ 〉
= nc
∑
f
m2f
π
β3f
∣∣∣∣∣ λh1H0H0 cosα4m2H0 −m21 + i1m1 +
λh2H0H0 sinα
4m2H0 −m22 + i2m2
∣∣∣∣∣
2
.
(19)
In Eq. (19) above, i (i = 1, 2) is the total decay width of hi and 
the coupling λh1H0H0 , λh2H0H0 are
λh1H0H0 v =
(
λL
2
cα − λs
2
sα
)
v ,
λh2H0H0 v =
(
λL
2
sα + λs
2
cα
)
v (20)
with λL = λ3 + λ4 + λ5 and λs = ρ
′
1+2ρ ′2vs
v . Invisible decay width of 
h1 and h2 is given as
invi (hi → H0H0) =
λ2hi H0H0
v2
16πmi
√√√√1− 4m2H0
m2i
. (21)
The LIP-nucleon spin independent (direct detection) cross-section 
in this singlet scalar extended IDM is modiﬁed as
σSI = 1
π
m4N
(mH0 +mN)2
f 2
(
λh1H0H0 cosα
m21
+ λh2H0H0 sinα
m22
)2
.
(22)
424 A.D. Banik, D. Majumdar / Physics Letters B 743 (2015) 420–427Fig. 2. The upper panel shows the valid mH0 –σSI plane obtained for m1 = 70 GeV with cosα = 9.0 × 10−3 and 3.5 × 10−2. The lower panel shows the variation of signal 
strength R2 with σSI for mH0 = 35 GeV for the same. (For interpretation of the references to colour, the reader is referred to the web version of this article.)As before, we restrict the model parameter space using the con-
ditions from vacuum stability (Eq. (18)), unitarity, LEP, DM relic 
density from PLANCK. In addition, we also take into account the 
modiﬁcation of signal strength of SM Higgs (h2) to any particular 
channel that may occur due to the mixing with other scalar (h1). 
The signal strength to any speciﬁc channel is given as
R = σ
σ SM
Br
BrSM
(23)
where σ and σ SM are the Higgs production cross-section in the 
present model and in SM respectively whereas Br and BrSM are the 
respective branching ratios to any channel for the present model 
and SM. As the present model (extended IDM) involves two scalars 
h1 and h2, signal strengths R1 and R2 for both the scalars are given 
as
R1 = σ
1(pp → h1)
σ SM(pp → h1)
Br(h1 → xx)
BrSM(h1 → xx)
,
R2 = σ
2(pp → h2)
σ SM(pp → h2)
Br(h2 → xx)
BrSM(h2 → xx)
(24)
where xx is any SM ﬁnal state with σ
i
σ SM
= cos2 α or sin2 α for 
i = 1, 2 respectively. Since h2 is the SM-like scalar with mass 
m2 = 125 GeV, we take R2 ≥ 0.8 [59] for SM-like scalar to sat-
isfy LHC results. It is to be noted that some of the channels 
(γ Z , γ γ ) will suffer considerable changes due to the presence 
of inert charged scalars (H±) addressed in [60–63]. Effect of the 
charged scalars on those channels is also taken into account (see 
Appendix A). We put further bound on model parameter space 
from the experimental limits for Higgs to diphoton signal strength Rγ γ given by ATLAS [64] with 95% C.L. along with the best ﬁt 
value of Rγ γ from CMS [65] for 125 GeV Higgs. Our calculation 
yields that for the allowed parameter space obtained from vacuum 
stability, relic density, LEP constraints as also with the condition 
R2 ≥ 0.8, Brinv ≤ 0.2, the Higgs to diphoton signal strength pre-
dicted by ATLAS is not favoured by the present model and hence 
we constrain the model with the experimental value of Rγ γ only 
from CMS experiment. Taking all these constraints into account, 
we now compute the LIP dark matter (in extended IDM) scattering 
cross-sections σSI (Eq. (24)) for the LIP masses (mH0 ) for two dif-
ferent mixing angles α given by cosα = 9.0 ×10−3 and 3.5 ×10−2. 
The results for two chosen mixing angles are plotted in Fig. 2a and 
Fig. 2b respectively in mH0–σSI parameter space. The calculations 
are performed with a chosen value m1 = 70 GeV for the mass of 
the scalar singlet h1. Direct detection bounds from XENON100 and 
LUX are shown in Fig. 2a–b with the same colour deﬁnitions used 
in Fig. 1a. It is clear from Fig. 2a–b that apart from obtaining an 
LIP dark matter of mass ∼m2/2 (Higgs resonance) allowed by both 
XENON100 and LUX, we also obtain another allowed LIP mass of 
35 GeV (due to the resonance of the added scalar involved in the 
model). Thus, the present modiﬁed inert doublet model produces 
a viable DM candidate with a mass of 35 GeV. Fig. 2a–b also indi-
cates that the resonant behaviour is prominent for smaller values 
of mixing angle α. Increase in the mixing angle broadens the al-
lowed mH0–σSI parameter space resulting appreciable increase in 
DM-nucleon cross-section. Study of Fig. 2a–b reveals that, simi-
lar to the case of IDM discussed earlier in Section 2, a resonance 
like narrow allowed region appears just below W+W− threshold 
in our scalar singlet extended IDM model too. However, this al-
lowed region near the W+W− threshold also cannot explain the 
GC gamma ray excess problem unless a different case (m1 < mH0
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Benchmark points of singlet extended IDM with DM mass mH0 = 35 GeV.
m1 in GeV mH0 in GeV m
±
H in GeV cosα λL λs 〈σ v〉bb¯ in cm3/s σSI in cm2
174.0 0.9× 10−3 −7.89e−05 −7.91e−02 1.66× 10−26 4.58× 10−49
70.0 35.0
110.0 2.5× 10−3 7.87e−04 1.26e−02 1.65× 10−26 2.52× 10−48Fig. 3. Allowed parameter space in R1–sinα plane for m1 = 70 GeV. Also shown in 
blue corresponds to the parameter space for mH0 = 35 GeV. (For interpretation of 
the references to colour, the reader is referred to the web version of this article.)
discussed in Section 4) is taken into account. In Fig. 2c–d we 
show the variation of R2 with σSI where LIP dark matter mass 
mH0 = 35 GeV is considered for the two mixing angles as chosen 
for Fig. 2a–b. Horizontal lines in green and black are the values 
of σSI as obtained from the allowed regions from LUX [52] and 
XENON1T [66] respectively for the dark matter mass of 35 GeV. 
Fig. 2c shows that as R2 approaches to unity there is a sharp de-
crease in σSI. A similar conclusion also follows from the nature of 
Fig. 2d. Observation of Fig. 2c–d reveals that a 35 GeV DM sat-
isfying relic density obtained from PLANCK and direct detection 
bounds from LUX and XENON1T does not affect the signal strength 
(R2 ∼ 1) of the SM Higgs observed in LHC. Fig. 2c–d clearly demon-
strates that the presence of a low mass scalar is necessary in order 
to achieve a DM of mass ∼ 35 GeV that (a) satisﬁes PLANCK relic 
density result, (b) agrees with the latest dark matter direct de-
tection experimental bounds and also (c) yields the experimental 
bound for Higgs invisible decay.
Since the model involves an additional scalar of low mass, yet 
undetected by LHC, the corresponding signal strength for that sin-
glet like scalar must remain small compared to that of h2. In order 
to demonstrate this, we compute the signal strength R1 (Eq. (24)) 
for different values of the mixing angle α. In Fig. 3 we plot the 
results in R1–sinα plane for low mass DM (≤ mW ). These re-
sults satisfy the conditions R2 ≥ 0.8 [59] and Brinv ≤ 0.2 [54] with 
m1 = 70 GeV and also consistent with relic density reported by 
PLANCK. Scattered blue region in Fig. 3 corresponds to 35 GeV DM 
mass (mH0 = 35 GeV) with 〈σ v〉bb¯ ∼ (1.62–1.68) × 10−26 cm3/s. 
We show later in Section 4 that such a value for 〈σ v〉bb¯ in case of 
a dark matter mass of 35 GeV can indeed explain the Fermi-LAT 
observed excess of γ -ray in the energy range of 1–3 GeV. Varia-
tion of sinα with R1 in Fig. 3 depicts that for the parameter space 
constrained by different experimental and theoretical bounds, the 
value of the signal strength R1 remains small (≤ 0.2). Therefore, 
non-observance of such a scalar by LHC is justiﬁed and can possi-
bly be probed in future experiment.
4. Calculation of gamma ray ﬂux
In this section we calculate the gamma ray ﬂux from the galac-
tic centre due to the annihilation of 35 GeV dark matter in the Fig. 4. γ -Ray ﬂux obtained from the benchmark points in Table 1 and compared 
with the results from [10] for two different mixing angles. (For interpretation of the 
references to colour, the reader is referred to the web version of this article.)
extended IDM discussed in Section 3. The gamma ray ﬂux pro-
duced from DM annihilation in galactic centre is given by
 = 〈σ v〉
8πm2DM
dN
dEγ
J (ψ) . (25)
In Eq. (25), 〈σ v〉 is the annihilation cross-section, mDM is the mass 
of the dark matter (mH0 in the present scenario), 
dN
dEγ
is the spec-
trum of photon produced due to DM annihilation. The factor J (ψ)
in Eq. (25) is the line of sight integral given as
J (ψ) =
∫
los
ρ2(l,ψ)dl , (26)
where ψ is angle between the direction of line of sight and the 
direction from GC to Earth, l is the distance along line of sight. We 
use the generalised NFW [67] halo proﬁle for the DM distribution 
ρ(r) given by
ρ(r) = ρ0 r/rs
−γ
1+ r/rs3−γ
. (27)
In Eq. (27), ρ0 is the DM density normalised to the local DM 
density (0.3 GeVcm−3) at a distance 8.5 kpc from GC. For the 
present work we consider rs = 20 kpc and γ = 1.26 [10]. We have 
used the dNdEγ spectrum produced using Pythia [68] obtained from 
[69]. Using Eqs. (25)–(27), we calculate the gamma ray ﬂux for 
the present 35 GeV DM candidate in our model with two val-
ues of mixing angles given by cosα = 0.9 × 10−3 and 2.5 × 10−2. 
A chosen set of values for other parameters and the correspond-
ing values of 〈σ v〉bb¯ and σSI for each of these two mixing angles 
are tabulated in Table 1. The gamma ray spectrum for these two 
sets of parameter values given in Table 1 is plotted in Fig. 4. The 
plots in Fig. 4 are produced using NFW proﬁle with inner pro-
ﬁle slope γ = 1.26 at 5◦ from the galactic centre assuming local 
DM density ρ0 = 0.3 GeVcm−3 at a distance 8.5 kpc from GC. 
Green and blue lines shown in Fig. 4 correspond to the bench-
mark points given in Table 1 for two sets of mixing angles (α) 
with values given by cosα = 0.9 × 10−3 and 2.5 × 10−2 respec-
tively. Also shown in Fig. 4, the data points for the observed γ -ray 
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demonstrates that the viable LIP DM candidate in our model can 
very well explain the observed γ -ray ﬂux and its excess in the 
1–3 GeV energy range while remains consistent with the bounds 
from LHC and DM direct search experiments.
A discussion is in order. Throughout the work, we have con-
sidered the case m1 > mH0 , i.e., the additional singlet scalar h1 is 
heavier than the lightest inert particle H0 in order to provide a 
DM of mass 31–40 GeV and produce the required DM annihilation 
cross-section (into bb¯) to explain the observed GC γ -ray excess. 
We found that in our model, DM mass in the range of 31–40 GeV 
can be achieved by adding a singlet scalar of mass m1 ∼ 2mH0 to 
IDM. However, it is also possible in our model to provide an alter-
native explanation to GC γ -ray considering the singlet mass to be 
less than the LIP dark matter (m1 < mH0 ). In this case, the light-
est inert particle H0 can annihilate into two singlet scalar particles 
(h1) which then decay into two bb¯ pairs. As shown in Fig. 3a–b, 
apart from the resonances near the masses of h1 and h2, there is 
also a resonance like appearance near W+W− threshold. Hence, 
dark matter particle H0 having mass ∼ 80 GeV annihilating into 
the scalar singlet h1 with mass m1 <mH0 can also explain the ob-
served γ -ray excess in GC. Such possibilities have been explored 
in Ref. [24,25].
5. Summary
In this paper we have revisited the inert doublet model (IDM) 
of dark matter and test the viability of the model to provide a suit-
able explanation for the observed excess in low energy (1–3 GeV) 
γ -ray emission from GC assumed to have originated out of the 
annihilation of dark matter in the mass range 31–40 GeV DM 
into bb¯. We show that a dark matter candidate within mass range 
31–40 GeV in IDM cannot satisfy the latest direct detection bounds 
on DM-nucleon cross-section predicted by experiments like LUX or 
XENON100 and also is inconsistent with the limits on Higgs in-
visible decay. Our calculations also yield that although IDM can 
provide a DM of mass ∼ mh/2 (mh is the mass of SM Higgs) that 
is consistent with direct detection and invisible decay bounds but 
eventually fails to produce the value of 〈σ v〉bb¯ required to explain 
the excess emission of γ -ray. In order to comply with the observed 
γ emission results as obtained from Fermi-LAT in 1–3 GeV energy 
range, we extend the IDM with an additional singlet scalar and ex-
plore the viability of the model. The extension of IDM provides an 
additional scalar singlet that mixes with the SM-Higgs. We found 
that presence of a low mass singlet like scalar in the model can 
yield a 31–40 GeV DM that satisﬁes relic density bounds from 
PLANCK and direct detection cross-section constraints from LUX 
or XENON100 experiments and also yields the right DM annihi-
lation cross-section 〈σ v〉bb¯ , that would explain the observed ex-
cess in γ -ray. The singlet like scalar having a small mixing with 
the SM Higgs couples weakly to the SM sector and acquires a 
very small signal strength but this signal is beyond the present 
LHC detection limit and may be probed in future Collider experi-
ments.
Appendix A
The inert charged scalar will contribute to Higgs decay channels 
like γ γ and γ Z through the charged scalar loop involved in the 
process. Decay widths of hi → γ γ , γ Z (i = 1, 2) are given as
(hi → γ γ ) = GFα
2
s m
3
i
128
√
2π3
∣∣∣∣∣ci
(
4
3
F1/2
(
4m2t
m2
)
+ F1
(
4m2W
m2
))
i i+ λhi H+H− v
2
2m2H±
F0
(
4m2H±
m2i
)∣∣∣∣∣
2
,
(hi → γ Z) = G
2
Fαs
64π4
m2Wm
3
i
(
1− m
2
Z
m2i
)3
×
∣∣∣∣∣−2ci 1−
8
3 s
2
W
cW
F ′1/2
(
4m2t
m2i
,
4m2t
m2Z
)
− ci F ′1
(
4m2W
m2i
,
4m2W
m2Z
)
+ λhi H+H− v
2
2m2H±
(1− 2s2W )
cW
I1
(
4m2H±
m2i
,
4m2H±
m2Z
)∣∣∣∣∣
2
,
where GF is the Fermi constant and sW (cW ) is sin θW (cos θW ) 
with θW representing the weak mixing angle. Factor ci in the 
above is given as cosα or sinα for i = 1, 2. Couplings λh1H+H−
and λh2H+H− in the expressions of decay widths are of the form
λh1H+H− v = (λ3cα − λssα) v ,
λh2H+H− v = (λ3sα + λscα) v.
Various loop factors corresponding to the hi → γ γ process are ex-
pressed as [70–72]
F1/2(τ ) = 2τ [1+ (1− τ ) f (τ )],
F1(τ ) = −[2+ 3τ + 3τ (2− τ ) f (τ )],
F0(τ ) = −τ [1− τ f (τ )],
where the function f (x) is given as
f (x) =
⎧⎪⎨
⎪⎩
arcsin2
(
1√
x
)
for x ≥ 1,
− 14
[
log
(
1+√1−x
1−√1−x
)
− iπ
]2
for x < 1.
Similarly the loop factors for hi → γ Z channel are [70–72]
F ′1/2(τ ,λ) = I1(τ ,λ) − I2(τ ,λ),
F ′1(τ ,λ) = cW
{
4
(
3− s
2
W
c2W
)
I2(τ ,λ)
+
[(
1+ 2
τ
)
s2W
c2W
−
(
5+ 2
τ
)]
I1(τ ,λ)
}
.
Expressions of the factors I1 and I2 are of the form
I1(a,b) = ab
2(a − b) +
a2b2
2(a − b)2 [ f (a) − f (b)]
+ a
2b
(a − b)2 [g(a) − g(b)] ,
I2(a,b) = − ab
2(a − b) [ f (a) − f (b)] ,
where f (x) is same as used in hi → γ γ channel and g(x) is given 
as
g(x) =
⎧⎨
⎩
√
x− 1arcsin
√
1
x for x ≥ 1,√
1−x
2
(
log 1+
√
1−x√ − iπ
)
for x < 1.1− 1−x
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